Abstract This paper deals with catalytic and photocatalytic oxidation of organic substances using H 2 O 2 over heterogeneous Fenton-type catalysts. In the study a series of Fe-containing catalysts was experienced. A zeolite named as FeZSM-5 was selected as the most active heterogeneous Fenton-type catalyst. The FeZSM-5 reported was prepared by hydrothermal crystallization in the presence of iron salt. In contrast to the homogeneous Fenton system the catalyst prepared had minimal, if any, leaching of iron ions, was stable during 30 catalytic runs and didn't lose its activity in the presence of complexing agents, e.g. P 2 O 7 4-. The catalyst was active in oxidation of organic substances at pH from 1.5 to 8, maximum activity was observed at pH = 3. The FeZSM-5 effectively oxidized a simulant of the warfare agent, diethylnitrophenil phosphate, which is hardly detoxified by other methods. It appeared that the rate of oxidation of formic acid, ethanol and benzene over FeZSM-5 increased under the action of visible light (λ>436 nm), quantum efficiency being 0.06-0.14.
Introduction
The Fenton and photo-Fenton processes are known as effective and inexpensive methods for water and wastewater purification from organic pollutants (Ruppert et al., 1993; Schulte et al., 1994; Prousek, 1995) . Hydrogen peroxide as an oxidant does not produce toxic by-products and together with aqueous iron salts oxidizes organic substances in mild conditions. However such drawbacks as solution contamination by transition metal ions, the limited pH range, deactivation of homogeneous catalysts by complexing agents, e.g. phosphates, necessitate researchers to develop new catalysts active in the Fenton-type mechanism. As a result Fe-containing solid catalysts, such as zeolites, were found to possess activity in oxidation of organic substances (Pulgarin et al., 1995) . Moreover stable heterogeneous catalysts with minimal leaching of iron ions were developed and successfully experienced in oxidation of phenol (Fajerwerg et al., 1996) and carboxylic acids (Centi and Perathoner, 1999; Centi et al., 2000) . To date iron introducing into zeolites is carried out by two different methods: ion exchange starting from already crystalline zeolite (Pulgarin et al., 1995; Centi et al., 2000) or joint crystallization during hydrothermal treatment (Fajerwerg et al., 1996) . Activity of Fe-zeolite, prepared by the first method, has been studied in more detail. This work presents detailed analysis of stability and oxidative activity of the Fe-containing zeolite, prepared by the hydrothermal method (Vostrikova et al., 1981; Ione, 1987) .
The other aspect of this paper is the influence of light on the system. It is well known that UV (λ > 250 nm) light irradiation improves the effectiveness of the homogeneous Fenton system due to the regeneration of the consumed Fe 2+ ions and direct H 2 O 2 photolysis (Ruppert et al., 1993) . Papers (Pignatello, 1992) and (Sun and Pignatello, 1993) show that under the near UV light (λ = 300-400 nm) some other photoreactions of ferric complexes occur in the homogeneous Fe 3+ /H 2 O 2 system. It is shown that the heterogeneous Fentontype system also depends on UV light with λ > 290 nm (Pulgarin et al., 1995) , however remarkable photodissolution of Fe 3+ from the catalyst into the solution takes place. Sun and Pignatello (1993) have shown that irradiation of the homogeneous Fe 3+ /H 2 O 2 system with the visible light (λ > 400 nm) significantly increases the rate of O 2 evolution. They suggest, but without proof, that a photolysis of Fe-OOH 2+ complex may occur under the visible light. Previously we showed that ethanol oxidation over the heterogeneous Fenton-type catalyst FeZSM-5 was enhanced by the visible light (Kuznetsova et al., 2001 ). Here we study whether visible light influences this catalyst in H 2 O 2 decomposition and oxidation of formic acid and benzene.
Methods
Catalysts with zeolite structure prepared by the hydrothermal method (Vostrikova et al., 1981) were as follows: and Fe-alumophosphates with zeolite structure. The composition of FeZSM-11 and FeZSM-5 is shown in Table 1 .
Sample 2 of the FeZSM-5 in contrast to sample 1 contained organic template, used during zeolite crystallization. Sample 1 was calcinated at T = 550°C for 2 hours before the experiments to remove the template. Sample 2 was calcinated in the same conditions after some tests had been made. According to X-ray analysis the catalyst FeZSM-5 sample 1 contained a pure phase of zeolite ZSM-5. Fe-contents of zeolites were determined by the fluorescent X-ray spectrometry analysis on SPRUT 001. The value of the Fe-content equaled ~1 m% and 0.3 m% in FeZSM-12 and Fe-alumophosphates respectively.
In some experiments the FeZSM-5 sample 1 was rinsed by the acidic solution (H 2 O:HCl = 4:1) to remove unstable iron from the catalyst, washed by distilled water until Cl -disappeared and dried at 80°C.
The H 2 O 2 decomposition rate was determined without adding any organic substances from the evolved oxygen that was continuously measured on the volumeter. The H 2 O 2 decomposition rate (W O 2 ) was expressed in units of moles of O 2 ·l -1 ·min -1 . The H 2 O 2 concentration was determined on a Shimadzu UV 300 spectrophotometer using the absorption band of H 2 O 2 /TiOSO 4 complex (ε = 700 M -1 ·cm -1 at λ = 405 nm).
The organic oxidation rate was determined from gaseous CO 2 evolved from the mixture H 2 O 2 /catalyst/organics that was registered with gas chromatograph LHM 8MD, equipped with a CO 2 /CH 4 converter with the following analysis of CH 4 by the flame ionization detector. The organic oxidation rate (W CO 2 ) was expressed in units of moles of CO 2 ·l -1 ·min -1 .
The H 2 O 2 decomposition and organic oxidation processes were conducted in the quartz batch reactor equipped with a thermostat and a magnetic stirrer. The liquid volume was adjusted to 2.5 ml, the temperature was 35°C. In all experiments, unless otherwise mentioned, the catalyst weight was such that Fe-concentration in the suspension equaled 5 mM. The H 2 O 2 decomposition reaction in the presence of tetranitromethane (TNM) was conducted in the same conditions at
The consequent catalytic runs of the H 2 O 2 decomposition reaction were conducted as follows: after the end of reaction the catalyst used was centrifuged, rinsed several times by E.V. Kuznetsova et al. 110 
A high pressure mercury lamp DRSH-1000 with a cutoff filter (λ > 436 nm) was used for the catalyst suspension illumination. Light intensity in the interval 400-600 nm equaled 10 mW. Quantum flux was ca 3.5⋅10 -8 Einsteins/s. Quantum efficiency ϕ was determined as follows: ϕ =(W 0 light -W 0 dark )/J, where W 0 light and W 0 dark were the initial reaction rates under the light and in the dark, respectively (mol/s); J was the quantum flux at the current wavelength (moles of quanta/s).
Results and discussion
Comparative characteristics of the catalysts' activity in H 2 O 2 decomposition and C 2 H 5 OH oxidation reactions are shown in Table 2 .
The FeZSM-5 sample 1 revealed the highest activity in both processes ( Table 2) . Some of the catalysts decomposed H 2 O 2 , however, they showed very low or no activity in the ethanol oxidation reaction. Perhaps the H 2 O 2 decomposition reaction proceeded in the inner cavities of the catalysts inaccessible for ethanol molecules. Low activity in H 2 O 2 decomposition ( Figure 1a ) and an induction period in ethanol oxidation (Figure 1b) on the FeZSM-5 sample 2 may account for the presence of the organic template. W O 2 and W CO 2 increased after the sample 2 has been calcinated (Figure 1) . We also examined the FeZSM-5 sample 1 as a catalyst. Table 3 presents the results of tests on leaching of iron ions from the FeZSM-5 during consequent catalytic runs. According to the X-ray spectrometry analysis Fe-content of zeolite was reduced during the initial 10 runs and then did not change during the next runs. The value of H 2 O 2 decomposition rate changed in the same manner. So there was no leaching of 9.3·10 -6 0.0 0.0 * Reaction delay was observed, the rate value given relates to maximum rate after the induction period iron from the catalyst that was used more than 10 times in the catalytic reaction. We can conclude that catalytic activity of FeZSM-5 was due to the heterogeneous iron. In general, iron may occur in zeolites in different forms: in form of iron hydroxide or nanohydroxide particles at the external surface of the zeolite, or as isolated ions either in the ion-exchange position or in the zeolite framework, or in form of a molecule inserted into zeolite defects. It has been shown (Vostrikova et al., 1981) that, in the FeZSM-5 used here, most of the iron cations were localized in the zeolite framework as a result of isomorphous substitution of silica atoms by iron atoms. Probably such form of iron was the most stable in redox reactions and was catalytically active in the Fenton-type system. W O 2 = 3.1·10 -3 seemed to refer to the activity of wireframe iron. Moreover, after the FeZSM-5 has been rinsed by the acidic solution and unstable iron has been removed from the catalyst, W O 2 appeared to be 3.3·10 -3 in the same experimental conditions. The facts of the catalyst's stability after the ten catalytic runs and after the rinsing the catalyst by the acidic solution indicated that iron ions remaining in the catalyst were actually localized in the zeolite framework.
Additional (Figure  3) , the maximum oxidation rate reached only the value of 3·10 -4 mol·l -1 ·min -1 in Fe 3+ solution. Since the dependence of W CO 2 on W O 2 was determined when varying the H 2 O 2 concentration, the different behavior of two catalysts may be explained in the following way. In the case of homogeneous solution at high [H 2 O 2 ] OH radicals are mainly consumed by the reaction with H 2 O 2 , but not with ethanol, and W CO 2 does not depend on [H 2 O 2 ]. In the case of the heterogeneous catalyst, ethanol concentration near the catalyst surface may be much higher than in the solution as a result of adsorption. If that is the case, and we suppose the same radical mechanism, then ethanol molecule may win the competition for OH radicals because rate constants for reaction of hydroxyl radicals with H 2 O 2 and ethanol are 3.0·10 7 l·mol -1 ·s -1 and 1.1·10 9 l·mol -1 ·s -1 respectively (Sychev et al., 1988) , and W CO 2 will depend on [H 2 O 2 ].
It was shown that the catalyst was active at pH from 1.5 to 8 with some loss of activity at high pH and zeolite destruction occurred at pH < 1 and pH > 8.5 (Kuznetsova et al., 2003) .
The FeZSM-5 having a microporous structure was capable of oxidizing a sufficiently large molecule, namely a simulant of warfare agent -diethylnitrophenil phosphate (DENP). It was shown that the yield of gaseous CO 2 from DENP oxidation accounted to 80% in 50 min (see Methods), total organic removal from the suspension occurred at the end of the reaction according to the TOC analysis. The loss of activity at high pH and the easiness of DENP oxidation may be also explained in terms of the radical mechanism of FeZSM-5 catalysis. Some tests with a radical's trap tetranitromethane (TNM) showed that HO 2
• and OH • radicals were actually produced in the FeZSM-5/H 2 O 2 system (Figure 4) . Growth of nitroform absorption band in the beginning of the H 2 O 2 decomposition reaction and then its total disappearance at the end of the reaction was observed. It is known that nitroform is produced in the reaction of TNM with HO 2
• and is destroyed in the reaction with OH • (Sychev et al., 1988) . Hence H 2 O 2 oxidized organic substances on FeZSM-5 by radical mechanism.
It was shown that the visible light did not affect FeZSM-5 in H 2 O 2 decomposition at 35°C (Kuznetsova et al., 2003) , nevertheless it enhanced the rate of HCOOH, C 2 H 5 OH and C 6 H 6 oxidation over FeZSM-5 and Fe 3+ catalysts (Table 4) . Quantum efficiency estimated was 0.14, 0.12 and 0.06 in oxidation of HCOOH, C 2 H 5 OH and C 6 H 6 , respectively.
Conclusions
• FeZSM-5 is the most active Fenton-type catalyst among a series of Fe-containing materials studied. Catalytic activity in turn depends on the method of catalyst preparation.
• Most iron ions in zeolite are heterogeneous, and have no complexation with phosphates, are stable during 30 catalytic runs and are active in a wide pH range. Figure 3 The dependence of the ethanol oxidation rate on the H 2 O 2 decomposition rate in the FeZSM-5 suspension (L L) and Fe(NO 3 ) 3 solution (I ).
[Fe] = 5 mM in both cases
• OH and HO 2 radicals are produced in the system FeZSM-5/H 2 O 2 . As a result complex molecules such as DENP are totally mineralized by H 2 O 2 on FeZSM-5.
• Organic oxidation rate is increased under the action of visible light in the FeZSM-5 suspension, maximum quantum yield being equal to 14%. Such advantages as heterogeneity, stability, no complexation, wide pH range and a reaction rate increase under the action of light make this type of catalyst promising for applications in water and wastewater treatment. 
